Determination of isotopic composition of extraterrestrial liquid water provides important information regarding the origin of water on Earth and the terrestrial planets. Fluid inclusions in halite of ordinary chondrites are the only direct samples of extraterrestrial liquid water available for laboratory measurements. We determined H and O isotopic compositions of this water by secondary ion mass spectrometry equipped with a cryogenic apparatus for sample cooling. Isotopic compositions of the fluid inclusion fluids (brines) were highly variable among individual inclusions, -400 < δD < +1300‰; -20 < ∆ 17 O < +30‰, indicating that these aqueous fluids were in isotopic disequilibrium before trapping in halite on asteroids. The isotopic variation of fluids shows that various degrees of water-rock interaction had been underway on the asteroids before trapping between D-rich-16 O-poor aqueous fluid, D-poor-16 O-rich aqueous fluid, and asteroidal rock by delivery of cometary water onto hydrous asteroids. This may be a fundamental mechanism in the evolution of modern planetary water.
primitive materials in the solar system and chondrite-like materials formed the terrestrial planets, isotopic compositions of chondritic liquid water provide a direct evidence to reveal the origin of water of terrestrial planets. The fluid inclusions were found in halite (NaCl) and sylvite (KCl) (hereafter collectively called "halite") from two ordinary chondrite regolith breccias (Monahans (1998), hereafter simply "Monahans" (H5), and Zag (H3-6)) (Rubin et al., 2002; Zolensky et al., 1999 Zolensky et al., , 2000 . Both meteorites contain millimeter to centimeter-sized aggregates of blue to purple halite containing aqueous fluid inclusions in the matrix. The halite grains were dated by K-Ar, Rb-Sr and I-Xe systematics to be ~4.5 Ga (Bogard et al., 2001; Whitby et al., 2000; Zolensky et al., 1999) , and thus the trapped aqueous fluids are at least as ancient. These halite grains are blue to purple owing to the gradual accumulation of trapped electrons in cation vacancies (Nassau, 1983) , resulting, probably, from the beta decay of 40 K. Since recently recrystallized halite would be colorless, fluid within the colored halite grains must be pre-terrestrial in origin. Heating/freezing studies of the fluid inclusions in Monahans halite grains demonstrated that they were trapped at approximately 25°C (Zolensky et al., 1999) , and their presence in the halite requires their
Isotopic compositions of asteroidal liquid water trapped in fluid inclusions of chondrites INTRODUCTION
The origin of the water of terrestrial planets remains one of the primary issues of planetary sciences. It is believed that terrestrial planets formed inside of the water ice evaporation line (snow line) in the solar nebula (Hayashi et al., 1985) where it was difficult to trap water components. It is useful to use isotopic compositions as a tracer in order to discuss the origin and evolution of materials, but we have little knowledge of isotopic compositions of extraterrestrial water components. In particular, there is no report of isotopic compositions of extraterrestrial liquid water.
Aqueous fluid inclusions contained within crystals of halite in two ordinary chondrites are the only extraterrestrial liquid water samples available for laboratory measurements (Zolensky et al., 1999) . Because chondrites are incorporation into the H chondrite asteroid after metamorphism, as heating would have released fluids from halite.
Large variations of hydrogen isotopic composition have been observed in hydrous minerals from chondrites (Robert, 2006) . Cometary and interstellar water is highly D-enriched (Butner et al., 2007; Villanueva et al., 2009) , 
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representing cloud or outer solar disk chemistry. The hydrogen isotopic composition of hydrous minerals in chondrites is believed to reflect inner solar system water (Alexander et al., 2012; Robert, 2006) .
Oxygen isotopes in the solar system are also highly variable (Sakamoto et al., 2007; Yurimoto et al., 2008) , reflecting contributions of an H 2 O component (Kuramoto and Yurimoto, 2005; Lyons and Young, 2005; Yurimoto and Kuramoto, 2004) . However, it is impossible to measure isotopes of hydrogen and oxygen simultaneously in hydrous minerals, because they invariably contain structural oxygen not bound in water. Halite contains no structural oxygen or hydrogen, allowing the isotopic composition of oxygen and hydrogen in aqueous fluid inclusions to be measured. Thus, fluid inclusions in halite have the potential to reveal unique information regarding the origin and activity of aqueous fluids in the early solar system. This information contains, and perhaps uniquely identifies, the source of the aqueous fluid from which the halite precipitated.
Here we report direct measurement of the hydrogen and oxygen isotopic compositions of the aqueous fluid in halite fluid inclusion by cryo-secondary ion mass spectrometry (Cryo-SIMS), and discuss the origin of this water. Preliminary results have been presented in Yurimoto et al. (2010) .
EXPERIMENTAL

Sample preparation
We have determined oxygen and hydrogen isotopic compositions of fluid inclusion fluids in halite crystals from Monahans (1998) H5 and Zag H3-6 ordinary chondrites. Both meteorites used in this study were recovered immediately upon falling and preserved under dry nitrogen, limiting terrestrial alteration. These samples have never been exposed to terrestrial liquid water. The halite crystals of 0.1 to 1 mm in size were picked from fresh fracture surfaces of the chondrites by a stainless needle. We carefully observed each halite crystal surfaces under an optical microscope and selected crystals having fluid inclusions within several tens of micrometers below the surface for isotope analysis (Fig. 1) .
Synthesis of fluid inclusion standard
We prepared synthetic fluid inclusions with known isotopic compositions in halite crystals as standards in order to calibrate measured δ-values. An ion-exchanged pure water was prepared from meteoric water of Sapporo, Japan. Isotope ratios of the pure water were determined by conventional gas mass spectrometry (Kusakabe and Matsuhisa, 2008) crystal growth occurred in closed system, the isotopic compositions of the trapped water must be the same as those of the pure water. We selected appropriate halite crystals having fluid inclusions within several of tens micrometers below the surface to be used as standards to calibrate the isotopic compositions of fluid inclusions in the meteorite halite (Fig. 2) .
Measurement condition of secondary ion mass spectrometry (SIMS)
The halite crystals to be analyzed were fastened to a silicon wafer by epoxy, with the surface with fluid inclusions positioned on top. A 30 nm thick Au layer was deposited on the sample surface by ion beam sputter deposition in order to load secondary acceleration voltages and reduce electrostatic charging of the sample surface during analysis. The sample was mounted on a sample holder of a Cameca ims-1270 instrument with the top surface of halite set along the top plane of the sample holder.
The isotopic measurement of individual aqueous fluid inclusions in halite requires a secondary ion mass spectrometer equipped with a cryo-sample-stage, which is not a typical instrument configuration. A Cameca ims-1270 SIMS instrument equipped with a cryo-sample-stage at Hokkaido University was prepared for the measurements. The cryo-sample-stage (Techno. I. S. Corporation) was placed in the sample chamber in place of the original sample stage (Fig. 3) and cooled down to about -190°C using liquid nitrogen (Fig. 4) . At this temperature the aqueous fluid (a brine) in fluid inclusions was frozen. The operating vacuum in the sample chamber was maintained at less than 2 × 10 -9 Torr. A Cs + beam of 15 keV was used as primary beam and negative secondary ions of -5 keV were extracted into the mass spectrometer. A normal incident electron gun was applied to compensate positive charging of the sputtered region due to primary beam irradiation. The primary beam of 10 to 15 µm in diameter with a current of 3 to 13 nA was used for excavation on the sample in order to expose frozen fluid inclusions (ice) on the crater bottom. The primary beam was rastered to a 50 µm-square and irradiated around the sample surface above the frozen fluid inclusions. The appearance of ice was monitored by secondary ion images of 1 H and 16 O using stigmatic ion optics. The depths of excavation on samples reached 15 to 55 µm. During excavation, abrupt electric discharging often occurred because of severe electrostatic charging on the excavation area. In order to minimize the electrostatic charging, the irradiation position of the electron beam was adjusted to the raster area and the immersion lens of the secondary ion optics was continually refocused on the crater bottom during excavation. The excavation time to expose frozen fluid inclusions varied from 0.5 to 8 hours. After we exposed ice, the exposed ice was carefully centered onto the optical axis of the secondary ion optics of the 150 µm-imagefield by adjusting the sample position in order to measure oxygen and hydrogen isotopic compositions. We determined sizes of fluid inclusions using the secondary ion images.
The primary beam was adjusted to 3 to 5 µm in diameter with a current of 0.08 to 0.1 nA before isotope analysis, which was smaller in size comparing with that on the excavation process. The primary beam was rastered with 5 to 0 µm in response to the size of exposed ice. The position of the 150 µm diameter contrast aperture and focusing of immersion lens were adjusted to minimize aberrations of secondary ion optics for each element. A field aperture was adjusted to 20 µm square on the 150 µm-image-field. Negative secondary ions of 1 H -and 2 D -were collected sequentially in an electron multiplier for 2 seconds and for 20 seconds, respectively, in peak-jumping mode, at a mass resolution M/∆M ~ 2300. The sequence was performed for 10 to 30 cycles to calculate the D/H ratio. (Fig. 6 ). Secondary ion intensities of 16 O -were ranged over 9 to 400 kilo-count/s. The secondary ions from the excavated crater emitted stably but the intensities changed gradually during the isotope analysis of one spot because the degree of compensation of electrostatic charging by the electron shower shifted gradually as the sputtered crater deepened. In order to compensate the intensity change, linear time inter- 
(B) Secondary electron image of the negative crystal surface of (A). Small halite grains precipitated during evaporation of the fluid inclusion fluid are observed on the bottom. (C) Secondary electron image of the surface of a Monahans halite crystal. An arrow indicates a sputtering crater of ~50 µm-square. A fluid inclusion analyzed (incl-1) was completely sputtered during analysis, but negative crystals of other three small fluid inclusions (~2 µm) newly appeared in the crater bottom (in black rectangular). (D) Enlarged image of the rectangular area of (C). Arrows indicates negative crystals.
Fig. 11. Three oxygen isotope plots of fluid inclusions in the Monahans and Zag halites. Error ellipse of 95% confidence of standard measurement reproducibility is shown. Duplicate measurements of inclusion #8 and inclusion #10 show that the precision of sample measurements is comparable to the error ellipse. TF: terrestrial fractionation line, CCAM: carbonaceous chondrites anhydrous mineral mixing line.
polation was applied to the secondary ion intensities and isotope ratios were calculated for each cycle. Dead time correction and background noise correction of the electron multiplier were also applied to the secondary ion intensities. The isotope ratios for each cycle were averaged to obtain final isotope ratios of the measurement spot. Representative sputtering craters are shown in Fig.  7 .
RESULTS
All data of isotope analysis for asteroidal liquid water are summarized in Table 1 
Hydrogen isotope analysis
Analysis errors expected by count statistics for fluidinclusion standard were typically about ±20‰ (2σ), which were comparable with standard errors for each measurement of fluid inclusions of Monahans and Zag halite. Figure 8 shows histogram of δD among independent measurements of standards. The histogram ranges from -200‰ to 0‰ and the reproducibility is calculated to be ±90‰ (2σ). The practical reproducibility is about 5 times worse compared with the ideal case. We infer that the degradation of reproducibility results from different degrees of mass fractionation due to variable degrees of electrostatic charged state and the fluctuation at secondary ion emitted area because of insufficient charge compensation on each crater bottom by deep excavation as described above.
Analysis errors for fluid inclusions of Monahans and Zag halite are calculated by standard errors of each measurement and of fluid inclusion standard for the measurement day (Table 1) . δD values of fluid inclusions of Monahans and Zag halite range from widely -400 to +1300‰ (Fig. 9) . The variation is larger than the reproducibility of standard analysis and the estimated error of each measurement.
Oxygen isotope analysis
Analysis errors expected by counting statistics for fluid-inclusion standard were typically about ±15‰ (2σ), which were comparable with standard errors for each among inclusions. The distribution shifts in the 16 O-poor direction compared with bulk oxygen isotopic composition of ordinary chondrites (Clayton et al., 1991) . The 16 O-depletion is larger in the asteroidal aqueous fluid than the most 16 O-depleted extraterrestrial magnetite formed by aqueous alteration (Choi et al., 1998) .
DISCUSSION
Hydrogen isotopes of the aqueous fluid inclusions ranged from -400 to +1300‰ on the δD scale (Fig. 13) . This distribution spans the entire range of aqueouslyaltered minerals of chondrites and comparable to those of comets and icy satellites of outer planets, but is extremely D-rich compared with outer planets. Oxygen isotopes of the aqueous fluids fractionated massindependently ranging from -15 to +30‰ in the ∆ 17 O scale (Fig. 14) . The degree of 16 O-depletion is larger in the aqueous fluid than the most 16 O-depleted astromaterial magnetite formed by aqueous alteration on asteroids identified so far (Choi et al., 1998) . The variation of oxygen isotopes of fluid inclusions is unique among solar system measurement of fluid inclusions of Monahans and Zag halite. However, on the oxygen three isotope diagram, plots of the standard scattered in a wider range from -40 to +20‰ of δ 18 O along the terrestrial mass fractionation line as shown in the error ellipse of 95% confidence (Fig.  10) . We infer that the larger error ellipse than estimated errors results from variation of electrostatic charged state of the surface due to deep cratering among measurements as discussed in hydrogen isotope analysis. However, the reproducibility of ∆ 17 O is calculated to be ±8‰ (2σ), which is comparable with the estimated errors, because of the nature of mass fractionation.
Analysis errors for fluid inclusions of the Monahans and Zag halite are calculated by standard errors of each measurement and of fluid inclusion standard for the measurement day (Table 1) . Multiple measurements for single fluid inclusion were successfully collected for two inclusions, incl-8 and incl-10 of Monahans halite. The reproducibility of oxygen isotopic compositions is consistent with those estimated by standards (Fig. 11) . Oxygen isotopic compositions of fluid inclusions of Monahans and Zag halite seem to have various degrees of massfractionation towards the heavier direction compared with terrestrial ocean water (Fig. 11) .
Variations of mass-independent-fractionation component of oxygen isotopic composition (∆ 17 O) of fluid inclusion of the Monahans and Zag halite range widely from -20 to +30‰ (Fig. 12) . The variation clearly shows that the fluid is under disequilibrium for oxygen isotopes (Geiss and Gloeckler, 2003; Linsky et al., 2006) , Bulk Earth (Earth) (Lecuyer et al., 1998) , Jupiter (J) (Lellouch et al., 2001) , Saturn (S) (Lellouch et al., 2001) , Uranus (U) (Feuchtgruber et al., 2013) , Neptune (N) (Feuchtgruber et al., 2013) , Enceladus (E) (Waite et al., 2009), Oort-cloud comets (OOC) (Balsiger et al., 1995; Biver et al., 2006; Bockelée-Morvan et al., 1998 Hutsemékers et al., 2008; Meier et al., 1998; Villanueva et al., 2009) , Jupiter-family comets (JFC) (Hartogh et al., 2011; Lis et al., 2013) , chondrites (Robert, 2006) , estimated compositions of water in carbonaceous (CC) and ordinary (OC) chondrites (Alexander et al., 2012) and fluid inclusion of chondrite (Fluid) (this study).
objects so far. The highly heterogeneous isotopic compositions between inclusions being heavily fractionated for hydrogen and mass-independently fractionated for oxygen, indicate that aqueous fluids were in isotopic disequilibrium before being trapped in halite.
Isotopic compositions of hydrogen and oxygen in the same fluid were determined for 6 and 2 fluid inclusions from Monahans and Zag halite, respectively, among the total of 17 measured inclusions, and are plotted in δD-∆ 17 O space in Fig. 15 . The average isotopic composition of the 17 inclusions is also plotted.
None of our data are equivalent to isotopic compositions of ordinary chondrite water (Alexander et al., 2012) , demonstrating that these fluid inclusion fluids are not related to indigenous ordinary chondrite fluids. The plots are highly scattered in space, but the D-rich fluids tend to be 16 O-poor. These highly disequilibrium characteristics are consistent with highly disequilibrium mineralogy of solid inclusions also trapped in these halites, suggesting a relation to water/rock reactions in some carbonaceous chondrites (Zolensky et al., 2013) .
Isotopic compositions of water in carbonaceous chondrites are in the range of -500 to +100‰ for δD (Alexander et al., 2012) and -5 to +2‰ for ∆ 17 O (Yurimoto et al., 2008) . The halite fluid inclusion brines plot outside the region of estimated carbonaceous chondrite water. Therefore, a more D-rich and 16 O-poor source is required for these fluids. Extremely D-rich water has been reported from comets (Villanueva et al., 2009) although D/H composition among comets is highly variable (Hartogh et al., 2011) . Another observation of extremely D-rich water is from Enceladus (Waite et al., 2009) . It is known that extremely 16 O-poor oxygen has a close relationship with cometary water (Sakamoto et al., 2007) . Therefore, highly D-rich and 16 O-poor water is expected in comets and icy satellites of outer planets (hereafter collectively called "cometary water"). The inferred range of isotopic composition of cometary water is shown in Fig. 15 . Plots of fluid inclusion fluids are distributed in a space between lower side of carbonaceous chondrite water and the upper side of cometary water.
Water-rock interaction relationships between cometary water and hydrous carbonaceous chondrite are shown as blue curves in Fig. 15 Alexander et al. (2012) ; Clayton and Mayeda (1999) ; Clayton et al. (1991) ; Hartogh et al. (2011); McKeegan et al. (2011); Sakamoto et al. (2007); Yurimoto et al. (2008) (McKeegan et al., 2011), Earth, Mars, achondrite (Ach), chondrite (Cht) (Clayton, 1993) (Yurimoto et al., 2008) , cosmic symplectite (COS) (Sakamoto et al., 2007) 
and references therein).
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and fluid inclusion of chondrite (Fluid) (this study).
chondrites are parameters and the values are shown on each curve. Isotope fractionation of hydrogen during the interaction is not taken into account because isotopic composition differences between carbonaceous chondrite water and cometary water are much larger than the isotopic fractionation factors. If water contents of carbonaceous chondrites are small and the proportion of cometary water component is small in the interaction system, the hydrogen isotopic composition of water becomes easily enriched in D from the initial composition by water-rock interaction, whereas oxygen isotopic composition is hardly changed because of buffering by rocky oxygen components. If cometary water and carbonaceous chondrite water is directly interacted, i.e., proportion of rock is small in the system, the change of hydrogen isotopic composition of water becomes proportional to the change of the oxygen isotopic composition.
Calculations indicate that compositions of the Monahans fluids can be explained by results of simple water-rock interaction. This suggests that the halite parent body consist of at least 1-10 wt.% hydrous components, which is consistent with the normal range of carbonaceous chondrites (Alexander et al., 2012) . Similar calculations indicate that the Zag fluids represent the direct mixing of carbonaceous chondrite water and cometary water. The isotopic compositions of fluid inclusion fluids suggest that the fluids are products of water-rock interaction with cometary water on carbonaceous chondrite parent asteroids.
The cometary water was delivered by impacting comets onto the asteroids. Aqueous fluid formed from the cometary ice percolating into the asteroids. The aqueous fluid reacted with surrounding rock containing phyllosilicates to change the isotopic compositions of the water. The fluid became supersaturated in halites to trap fluid inclusions at ~25°C (Zolensky et al., 1999) . Some cometary water directly mixed with indigenous water probably formed from dehydrated phyllosilicates or melted interior ice that formed in inner solar system. The precipitated halites were delivered to ordinary chondrite parent asteroids of Monahans and Zag by impacts or cryovolcanoes (Zolensky et al., 2013 ). An alternative isotope mixing model of water components in the solar nebula has been proposed by Jacqueta and Robert (2013) .
The water-rock interaction also may occur on ordinary chondrite parent asteroids because enrichments of deuterium in water might occur during thermal processes on ordinary chondrite parent asteroids (Alexander et al., 2010) and the chemical compositions are also chondritic. If so, isotopic compositions of ordinary chondrite water may originally resemble carbonaceous chondrite water. However, the particular mineral assemblage and organic components of the solid inclusions observed in Monahans and Zag halite require carbonaceous chondrite-like asteroids for the water-rock interaction sites (Zolensky et al., 2013) . In any case, because chondritic and cometary waters are believed to have originated in the inner solar nebula (Alexander et al., 2012; Robert, 2006) and outer solar nebula to molecular cloud (Greenberg, 1998) , respectively, the isotopic compositions of the halite fluids suggest that dynamic delivery and accretion of water originated throughout the solar system and in the parent molecular cloud onto planetesimals was a fundamental mechanism in the evolution of present planetary water. Isotopic composition of lunar rock water (Greenwood et al., 2011) suggests that the global water mixing or delivery processes in the solar system continued at least until the time of the Moon's formation and early evolution.
CONCLUSIONS
We determined hydrogen and oxygen isotopic compositions of asteroidal aqueous fluids (in this case brines) by secondary ion mass spectrometry (SIMS) equipped with a cryogenic apparatus for sample cooling. The asteroidal aqueous fluids were trapped in halite found in two ordinary chondrites of Monahans (H5) and Zag (H3-6). The cryogenic apparatus cooled fluid inclusion fluids down to about -190°C and the fluid was frozen. The frozen fluid inclusion fluids were exposed in vacuum to prepare for SIMS.
Hydrogen isotopes of the fluid inclusion fluids ranged from -400 to +1300‰ on the δD scale relative to SMOW. Oxygen isotopes of the fluid inclusion fluids fractionated mass-independently ranging from -20 to +30‰ in the ∆ 17 O scale relative to SMOW. The distribution of isotopic composition of the both elements larger than the entire range of aqueously-altered minerals of chondrites. The wide variations of hydrogen and oxygen isotopic compositions indicate that isotope equilibria were under way in the asteroidal fluid before trapping into halite.
The isotopic distribution on δD vs. ∆ 17 O space suggests that mixing between inner solar system water representing chondritic water and outer solar system water representing cometary water occurred on planetesimals in the early solar system and water-rock interaction proceeded on the planetesimals to produce inner planetary water. We propose that this is a fundamental mechanism in the evolution of present planetary water. Variations of isotopic compositions of water among planets, asteroids, comets, icy satellites, and other solar system objects would be results of this fundamental mechanism.
